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(54) valu h eT Wer linear ampllfication usin 9 Periodically updated amplitude and phase correction 


ip?) in a hign-power transmitter, an input complex 
signal is multiplied in a complex multiplier by control sig- 
nals. The output complex signal from the multiplier is 
converted to a high frequency signai and amplified by a 
power amplifier for transmission. The amplitude of the 
input complex signal is detected to access a memory 
where amplitude and phase correction values are 
stored. During a read mode of the memory, a set of am- 
plitude and phase correction values is specified by the 
detected amplitude and supplied to the complex ampli- 
fier as the control signals. During a write mode of the 
memory, a set of amplitude and phase correction values 
is specified by a delayed version of the detected ampli- 
tude and rewritten with a set of new amplitude and 
phase correction values. The amplified high frequency 
signal is down-converted to a low frequency complex 
signal. The nonlinearity of the power amplifier is deter- 
mined from a delayed version of the input complex sig- 
nal and the down-converted complex signal and the new 
amplitude and phase correction values are produced 
from the detected nonlineariry and delayed versions of 
the amplitude and phase correction values which were 
supplied to the complex multiplier. At intervals, the mem- 
ory is switched from the read mode to the writs mode 
for updating its contents. 
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Description 

BACKGROUND OF THE INVENTION 
5 Field of the invention 

The present invention relates to linearization of power amplifier The present invention is particularly surts,;-io :V- 
high-power linear amplification of wideband signals. 

10 Description of the Related Art 

The power amplifier stage of a transmission station is usually operated in a saturated region of its operating char- 
acteristic for high power transmission of signals over icng distances. Due to the nonlinear characteristic of the saturated 
region, intsrmodulation products occur, causing the original wave to spread over a range of frequencies which migru 

7^ cause adjacent channel interference. To compensate for the nonlinearity of a high power amplifier, Japanese Provi- 
sional Patent Publication Sho-62-73902 discloses a linearization circuit where the high-frequency input of a high-powa*- 
amplifier is controlled both in amplitude and phase through a negative feedback loop in accordance with a voiiau- a./ d 
a phase difference between the amplifier's input and output signals so that both differences are reduced to zero. How- 
ever, due to the inherent delay time of the feedback path : the prior art linearization technique is not suitable for hig'*: 

20 speed operation. To alleviate this problem, one prior art scheme called "predistortion" employs a circuit having a non- 
linear characteristic that is inverse to that of the high-power amplifier. This type of approach also suffers from undesir- 
able variations in circuit parameters due to varying temperature and aging. 

The gain and phase imbalances of mixers and summer cause an undesired sideband signal that requires com- 
pensation if the system Is to meet adjacent channel interierence (ACI) specifications. A compensation method tor These 

25 imbalances is discussed in a paper "Digital Signal Processing and Direct Conversion for Multichannel Transmitters', 
Scott A. Leyonhjelm et al, 1 9S4 IEEE (0-7803-1 927-3/S^) s pp 494 - 498. According to this method, baseband channels 
are combined through a transmuliipiexer to form a wideband signal. The system band is directly up-converted via 3'» 
analog quadrature modulator. A vacant channel position is then selected and an undesired sideband (error) sign?-; \± 
isolated. This error signal is used by an adaptation algorithm (which is based on a form of predistortion) to suit^ciy 

30 modify the scaling coefficient of an input channel. The process is repeated for every channel in the system. The error 
signal is proportional to the magnitude of the sideband signal. The real and imaginary parts of the pre-distort coefficient 
are adjusted accordingly using a simple one dimensional search technique. 

SUMMARY OF THE INVENTION 

It is therefore an object of the present invention to provide linearization of high power wideband (high speed) signals 
end compensation of variations caused by a variety of time-varying factors. 

According to the present invention, there is provided a transmission apparatus comprising a complex multiplier ■ Li- 
multiplying an input complex signal by control signals and producing a compensated complex signal, an up-converter 

40 for converting the compensated complex signal to a high frequency signal, and a power amplifier tor amplifying the 
high frequency signal for transmission. The amplitude of the input complex signal is detected by an envelope detector. 
A memory is provided for storing amplitude end phase correction values. During a read mode : a set of amplitude ar.ri 
pha-=e correction values is specified by the detected amplitude and supplied to the complex amplifier as the control 
signals. During a write mode, a set of amplitude and phase correction values is specified by a delayed version cf the 

45 detected amplitude and rewritten with a set of new amplitude and phase correction values. The amplified high frequency 
signal is down-converted to a low frequency complex signal. The nonlinearity of the power amplifier ts determined iron 
a delayed version of the input complex signal and the low frequency complex signal and the new amplitude and 
correciion values are produced from the detected nonlinearity and delayed versions of the amplitude and phase cor- 
rection values which were supplied to the complex multiplier. At intervals, the memory is switched from the read mode 

50 to the write mode for updating its contents corresponding to the delayed version of the detected amplitude. 

Preferably, the nonlinearity detector means comprises an error detector for detecting amplitude and phase errors 
between a delayed version of the input complex signal and the low frequency compiex signal and update means for 
producing the new amplitude and phase correction values from the amplitude and phase errors and the delayed ver- 
sions of the amplitude and phase correction values. More specifically, the amplitude and phase errors are represented 
by a ratio between the delayed version of the input complex signal and the low frequency compiex signal, and the new 
amplitude and phase correction values are derived through an integral feedback control path connected to the output 
o? The memory by multiplying the delayed version of the amplitude correction value by the amplitude error anc sub- 
tracting the phase error from the delayed version of the phase correction value. 
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BREF DESCRIPTION OF THE DRAWINGS 

The present invention will be described in further detail with reference to the accompanying drawings, in which: 

Fig. 1 is a block diagram of a wideband transmission apparatus according to the present invention- 

Fig. 2 is a block diagram of a complex multiplier used in the present invention: and 

F i9 . 3 is graphic representations of the amplitude and phase characteristics of a high-power amplifier. 

DETAILED DESCRIPTION 


Resernng now to Fig. 1. there is shown a radio transmitter incorporating the high-power linear amplifier of the 
present invention. The inventive transmitter generally comprises a DSP (digital signal processor) section 10 and a 
irecuency conversion section 11. The DSP section 10 receives the in-phase (h and quadrature (Q) comoo^nts of v 
wideband FDM (frequency division multiplex) signal from a transmuitiplexer 20 where a plurality of input analog sigr^ 
are frequency-division multiplexed and converted to digital complex signals. The DSP section 1 0 includes dio^tal wave- 
form-shaping filters 21-1, 21-2 where the I and Q componen: signals are respectively waveshaoed The -utputs of 
dig.ia filters 21-1. 21-2 are coupled to a complex multiplier 22 where they are multiplied by amplitude and phase control 
signals a and (3 supplied from a control memory 25 to compensate for the nonlinearity of a high-power amplifier 12 
connected to the output of frequency conversion section 11 . 

In order to read the control signals from control memory 25 ; the outputs of filters 21-1, 21-2 are suppHed *o"an 
envelope detector 23 and a delay unit 27. The envelope detector 23 determines the absolute value of each component 
o the complex signal, combines the absolute values to produce a sum and finds its square root, givino an amplitude 
of the complex signal. This signal is applied direct to one input of a selector 24 and via a delay unit oc * c t u, G ot _ 
inout. The output of selector 24 is used by the control memory 25 as an address to read a set of amplitude and pha - 
correction values a and p. The control data from control memory 25 is supplied via a latch 26 to the comp'ex multiplier 
22 and via a delay unit 29 to an update memory 30. Latch 26 is driven at the data rate of the incoming signal by clock 
pulses supplied from a clock generator 43. 

^ The outputs of complex multipliers 22 are converted to analog signals by digital-to-analog converters *i - i 41 -2 
o the frequency conversion section 11 which are driven by the clock generator 43 and fed to a QAM (quadrat- kg 
amplitude modulation) modulator 42 where the analog I and Q signals are amplitude-modulated onto radk>-frpqi-encv 
quadrature earners l RF and Q RF from an oscillator 44, the modulated carriers being combined together to produce an 
up-converted QAM signal. The output of QAM modulator 42 is amplified by the high-power amplifier 1 2 and transmitted 
via one of the output terminals of a directional coupler 13 to an antenna system 14. The other output Wnir-a! of 
directional coupler 1 3 is connected to a QAM demodulator 45 where it is demodulated using the Quadrature carrion 
from oscillator 44, recovering I and Q down-converted analog signals. These down-converted analog signals are trans- 
formed to digital signals by A/D converters 46-1 , 46-2 and applied to an error detector 31 to which the outputs of de»aw 
unit 27 are also applied. An amplitude error Ao. and a phase error Ap are detected between the outouts of delay unit 
27 and those of A/D converters 46-1 , 46-2 in the error detector 31 and supplied to the update memory 30 

Delay units 27, 23 and 29 are shift registers that provide a de!ay to their input signal corresponds to the time 
■:a*en for the complex signal to reappear at the outputs of A/D converters 46-1. 46-2. A timing controller^ is driven 
by cIock generator 43 to supply a switching control signal to the selector 24 and a read/Write control signal to control 
memory 25 at a -^redetermined frequency (typically in the range between 100 kHz and 10 MHz) so that, at periodic 
sn-:ervais : the control memory 25 is switched to write mode and the outout of delay unit 25 is selectee *o ssec*y a ->e+ 
of amplitude and phase correction values stored in control memory 25 and rewrite the specified correction values with 
the outputs of update memory 30. 

When the control memory 25 is in a read mode, the output of envelope detector 23 is selected by selector 24 and 
is used by control memory 25 to read a set of amplitude and phase correction values into the latch 26. 

As illustrated in detail in Fig. 2 : the complex multiplier 22 includes multioiiers 50-1 and 50-2 for multiplying the 
output signals x and y of filters 21 -i and 21-2 by the amplitude correction value a. The phase correction value p is 
translated to a cosine and a sine value by cosine and sine read-only memories 52 and 53 : respectively. The output of 
cosine memory 52 is supplied to multipliers 51-1 and 51-3 to which the outputs of multipliers 50-1 and 50-2 are re- 
spectively supplied, whereas the output of sine memory 53 is supplied to multipliers 51-2 and 51 -4 to which the outputs 
o? multipliers 50-2 and 50-1 are respectively supplied. An adder 54-1 provides summing of the outputs of multioiiers 
51-1 and 51-2 to produce an amplitude and phase compensated signal I represented by a(x cos 0 + ysin P) and an 
adder 54-2 provide summing of the outputs of multipliers 51 -3 and 51 -4 to produce amplitude and phase comcensated 
s;gnal Q represented by cc(xsin p + ycos P). In a complex notation, the outputs of adders 54-1 and 54-2 are alternatively 
represented by the relation (x + jy)a exp jp. 

Thus, the input orthogonal components I and Q are multiplied in amplitude by the factor a and rotated in phase 
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angie by the factor p. Since the factors a and p are both retrieved from control memory 25 corresponding to the arnpiii jqs 
of the incoming signals I and Q : the output signal of the high-power amplifier 1 2 is linear as a function of the amplitude 
of its input signal. 

Therefore, when the control memory 25 is operating in a read mode, the circuit including the envelope c-=:i>ct-.-. 
23, selector 24, control memory 25 and latch 26 forms a feedforward control system for the complex multiplier 22 ai 
the non linearity of the high-power amplifier is compensated. Because of the high speed operating capability. :r<3 read- 
forward control is advantageous for linear high-power amplification of a wideband (high speed) signal. 

However, from the system's stability viewpoint the feedforward control is not satisfactory since the nonlsnearity o- 
the high-power amplifier varies with operating temperatures and the transmitter's operating parameters lend to vary 
with time. The present invention solves these shortcomings with the use of a negative feedback system comprislnc, 
the QAM demodulator 45 ; A/D converters 46, error detector 31 , update memory 30 and an integral feedback control 
loop formed by delay unit 29 connected between control memory 25 and update memory 30. 

This negative feedback system operates when the control memory 25 is switched to a write mode under.the control 
c-f liming controller 32. During this write mode, the amplitude error Aa and the phase error Ap are supplied from eve 
detector 31 to the update memory 30 and the amplitude and phase correction values a and p which were used io 
control the outputs of A/D converters 45 are supplied from delay unit 29 to the update memory 30. As will be described 
in detail later, update memory 30 produces new amplitude and phase correction values a' and p ! from the error values 
Act and Ap and the values a and p stored in control memory 25 in locations corresponding to the amplitude of the input 
complex signal. The output of delay unit 2S is selected by timing controller 32 to specify a set of amplitude and phase 
correction values stored in control memory 25 and the specified correction values are rewritten with the new correction" 
values from update memory 30. 

The following is a quantitative analysis of the negative feedback system of the present invention. 

Assuming that the high-power amplifier 12 has a nonlinear characteristic as illustrated in Fig. 3. where the ides; 
linear characteristic of the amplifier is represented as B = GA, where B is the amplitude of the output signal, G is I!".::- 
amplification factor and A is the amplitude of the input signal Due to the nonlinearity of amplifier 12, the ampiiviaf's 
input signal Vj(t) and the output signal V 0 (t) are given in the form: 

Vj(t) = A(t) cos {cot + <j>(t)} (1) 


V 0 (t) = B(A(t)) cos {cot + o(t) + 6(A(t))} (2) 

where, A(t) is the amplitude of the input signal and cot is the angular frequency of the input signal, and the amplitude 
B(A(t)) and the phase 0(A(t)) are both nonlinear functions of amplitude A(t). 

As shown in Fig. 3, when the input amplitude A is smaller than Aq, the amplitude characteristic is substantially 
linear and the phase characteristic is substantially flat, i.e., 6(A(t)} = 0.. When the input voitage is A v the output voltac;= 
is at B 1 short of the ideal point B 2 . The output voltage reaches B 2 when the input is driven to as far as point Ag. Wh^n 
ths input voitage is higher than A 0 , the phase characteristic also enters the nonlinear zone. It is seen therefore thai by 
controlling the amplitude and phase of the amplifier's input signal as a function of the amplitude A(t), the high power 
amplifier 12 can be said to operate as a linear amplifier. 

By designating the amplitude and phase correction values a(A(t)) and p(A(t)) as w(A) and [3(A), respectively, the 
inpi'i and output signals of high-power amplifier 12 are represented as follows: 

Vj(t) = a(A) • A(t) cos {cot + <p(t) + P(A)J (3) 


V D (t) = 3(a(A) A(t)) cos {cot + ct>(t) + P(A) + 6(a(A) A(t))} (-:: 

If a(A) and p(A) are determined so that the following relations hold, 

P(a(A) A(t)) = G • A(t) (5) 

P(A) = -6(cc(A) A(t)) (6) 

Equation (4) can be rewritten as: 

V 0 (t) = G - V.(t) (T 

Specifically, ot(A) ana P(A) are determined by the integral control provided by the loop formed by delay un.t 29 i. : 
follows. 

The feedback signals V f from A/D converters 46 can be denoted as V f = yV 0 (t - 1), where y is the amplitude atten- 
uation factor of the feedback path and * is the delay time introduced by delay units 27, 28 and 29. Since V f is a complex 
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signa!, ii can be given as: 

V f = yB{ tx(A) A(t-i)} exp j{<j>(t-:) + |J(A) + 8(A{t-t))} (S) 
By representing the input signals V c of complex multiplier 22 as: 

V c (t) = A(t)expjo(t) (9; 
the error detector 31 solves the following calculation, 

vB(a(A)A(t)) 

V^tTf Aft) 6XP j{P< A )+9(«(A)A(t)}} (1 0) 

ar-6 produces the amplitude and phase error values as follows: 

Aa(A)= „, A ^ ... , , 

; 7B(a(A)A(t)) (11) 

4ji(A) = B(A) + 6(o(A) A(t)) {!2 -, 

By using the output signals ot error detector 31, update memory 30 produces new correction values -a AY and B 
(A)' according to the following relations: 'tuu.ivjjcs.iiAi ^naii 

a(A)' = a(A) (Aa (A)) m (13) 

P(A)' = p(A)-K.AB(A) (14) 

T^ e K J^lT~ e , C °m r °' ' OOP 93in ' !! hlCh mUSt bS in ,he ran9e between 0 and 1 for the ^ability of the loop, and 
m ,s the amplrtuoe control loop gam, wh.ch must also be in the range between 0 and 1 . From Equations (1! ) (12? (13) 
and ( ,4), it can De shown that the system operates as a neaative feedback system 

IM Z^l Tf- Ua i nS ^ it,er E ! S in 3 S,ea ^ atate ^ control memory 25 is in a read mode), a(A)' = a(A) ii(A)' - * 
<A), and da(A, = 1 . From Equation (11), the following relation holds: : 

P(o(A)A(t)) = (1/ V )A(t) (15) 
3y setting y equal to 1/G, Equation (15) is rewritten as: 


p(a(A)A(t)) = 3 • A(t) 


Equation (16) indicates that the input-output amplitude characteristic of the high-power amplifier 12 is linearized In 
acsu on, since the phase error 40(A) during the steady state is zero, the output of the hich-power amplifisr 1 P is oter 
•:?s follows by rewriting Equation (4): + " yl en 

v oW = B(o(A) A(c)) cos {<oc + $(0 + p(A) + e(a(A) A(t))} 
= G • A(t) cos {ot + $(t)} 

-G-V,(t) (17) 

Equation (17) indicates that the input -output phase characteristic of amplifier 12 is linearized 

From the foregoing discussion it is seen that the feedforward control path of the transmitter performs high speed 
adapuve control on a wideband signal and the feedback control path periodically updates the adaot.ve control p^a-v 
eters according to the integral feedback control algorithm so that they adapt to changing circuit parameters that van/ 

with lime. 

In addition, the linearization circuitry of the present invention is suitable for implementation with digital circuit tech- 
nology advantageously for low power consumption and compact design. 


1. A transmission apparatus comprising 

a complex multiplier for multiply;n 
complex signal; 

an up-converter for converting the compensated complex signal to a high frequency signal; 


a complex multiplier for multiplying an input complex signal by control signals and producinc a compensate 
complex signal; " 
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a power amplifier for amplifying the high frequency signal for transmission; 
an envelope detector for detecting an amplitude of said input complex signal; 

a memory having a plurality of locations for storing a plurality of sets of amplitude and phase correction values, 
the memory supplying a set of amplitude and phase correction values from a location specified by the detected 
amplitude to the complex amplifier as said control signals during a read mode and rewriting a set of amplitude 
and phase correction values stored in a location specified by a delayed version of the detected amplitude \vi:n 
new amplitude and phase correction values during a write mode: 

a down-converter for converting the amplified high frequency signal to a Sow frequency complex signal; 
nonlinearity detector means for detecting nonlinearity of said power amplifier from a delayed version of the 
input complex signal and the low frequency complex signal and producing said new amplitude and phaeo 
correction values from the detected nonlinearity and delayed versions of the amplitude and phase correction 
values supplied to said complex multiplier; and 

means for periodically switching said memory from the read mode to the write mode. 

A transmission apparatus as claimed in claim 1 t wherein the nonlinearity detector means comprises: 

an error detector for detecting amplitude and phase errors between a delayed version of the input complex 
signal and the low frequency complex signal; and 

update means for producing said new amplitude and phase correction values from the amplitude and phaso 
errors and said delayed versions of the amplitude and phase correction values. 

A transmission apparatus as claimed in claim 1, wherein the error detector includes means for producing said 
amplitude and phase errors by a ratio between said delayed version of the input complex signal and the low 
frequency complex signal to detect said amplitude and phase errors, and wherein said update means includes* 
means for multiplying the delayed version of the amplitude correction value by the amplitude error and subtracting 
the phase error from the delayed version cf the phase correction value. 

A transmission apparatus as claimed in claim 2, wherein said update means comprises a memory for converting 
the delayed versions of the amplitude and phase correction values to said new amplitude and phase ccrreciicM 
values according to the amplitude and phase errors. 

A transmission apparatus as claimed in claim 1 s further comprising a multiplexer for frequency division multiplexing 
a plurality of signals to produce a frequency-division multiplex signal, and converting the frequency-division mul- 
tiplex signal to said input complex signal. 

A transmission apparatus as claimed in claim 1 ; wherein said up-converter comprises a quadrature modulator and 
said down-converter comprises a quadrature demodulator. 

A method for linearly operating a power amplifier, comprising the steps of: 

a) detecting an amplitude of an inpui complex signal; 

b) reading a set of amplitude and phase correction values from a location of a memory specified by the detected 

amplitude; 

c) multiplying the input complex signal by the read amplitude and phase correction values to produce a com- 
pensated complex signal; 

d) converting the compensated complex signal to a high frequency signal and supplying the high frequency 
signal to the power amplifier; 

e) converting an output signal of the power amplifier to a low frequency complex signal; 

f ) detecting nonlinearity of said power amplifier from a delayed version of the input complex signal and the 
frequency complex signal and producing a set of new amplitude and phase correction va!ues from the detect 
nonlinearity and delayed versions of the amplitude and phase correction values read by the step (b); anc 

g) rewriting a set of amplitude and phase correction values stored in a location of the memory specified by a 
deiayed version of the amplitude detected by the step (a) with the new amplitude and phase correction values 
produced by the step (f). 

A method as claimed in claim 7, wherein The step (t) comprises the steps of; 

f-,) detecting amplitude and phase errors between the delayed version of the input complex signal and the low 
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frequency complex signal; and 

f 2 ) producing said new amplitude and phase correction values from the amplitude and phase errors ar." delav-d 
versions of the amplitude and phase correction values read by the step (b); " 

A method as claimed in claim 6, wherein the step (l,) includes :he step of producing said amplitude and phase 
errors by a rat» between said delayed version of the input complex signal and the low frequency comp ex signa. 
to detect sad amphtude and phase errors, and wherein the step (f 2 ) includes the step of mu.tiolyingThe de ayed 

o T T P ' i,Ude COrreCt, ° n ValUS bV thS ampMtUde err ° r ^ subtractin S »■ error rem the Save" 

version of the phase correction value. • " 
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